myo-Inositol uptake in Saccharomyces cerevisiae was dependent on temperature, time, and substrate concentration. The transport obeyed saturation kinetics with an apparent Km for myo-inositol of 0.1 mM. myo-Inositol analogs, such as scyllo-inositol, 2-inosose, mannitol, and 1,2-cyclohexanediol, had no effect on myo-inositol uptake. myo-Inositol uptake required metabolic energy. Removal of D-glucose resulted in a loss of activity, and azide and cyanide ions were inhibitory. In the presence of D-glucose, myo-inositol was accumulated in the cells against a concentration gradient. A myo-inositol transport mutant was isolated from UV-mutagenized S. cerevisiae cells using the replica-printing technique. The defect in myo-inositol uptake was due to a single nuclear gene mutation. The activities of L-serine and D-glucose transport were not affected by the mutation. Thus it was shown that S. cerevisiae grown under the present culture conditions possessed a single and specific myo-inositol transport system. myo-Inositol transport activity was reduced by the addition of myo-inositol to the culture medium. The activity was reversibly restored by the removal of myo-inositol from the medium. This restoration of activity was completely abolished by cycloheximide.
Since Eastcott (7) identified "Bios I" as myoinositol, this cyclitol has been shown to be necessary for optimum growth of the following yeasts: Saccharomyces cerevisiae, Saccharomyces carlsbergensis, Schizosaccharomyces pombe, and Kloeckera brevis. In yeast cells, myo-inositol exists in a combined form in phospholipids, such as phosphatidylinositol and mannose (inositol-P)2-ceramide, and is involved in a variety of cellular activities. The synthesis of myo-inositol-containing phospholipids has been well documented (1, 20 ; J. Nikawa and S. Yamashita, Biochim. Biophys. Acta 665:420, 1981) . In contrast, very few reports have dealt with myo-inositol transport in yeast. Only S. pombe was reported to possess a myo-inositol transport system (3) . However, in animal tissues, such as rat kidney (11, 12, 21) , hamster small intestine (2) , and Ehrlich ascites tumor (15) , myo-inositol was shown to be actively transported. myoInositol-catabolizing bacteria, Klebsiella aerogenes (6) and Pseudomonas putida (18) , were also demonstrated to possess inducible myoinositol transport systems.
A previous study in this laboratory showed that transport of a phospholipid precursor plays a role in the regulation of phospholipid synthesis in S. cerevisiae (14) . The elucidation of transport of phospholipid precursors is of crucial importance for the understanding of the mechanism by which phospholipid synthesis is controlled. The present study provides evidence for the occurrence of active myo-inositol transport in S. cerevisiae. This paper describes properties of the transport system, the isolation of a defective mutant using the replica-printing technique, and the regulation of the transport.
MATERIALS AND METHODS Media and culture. The compositions of complex medium WaD and myo-inositol-depleted minimal medium M-i were described previously (22) . myo-Inositol-containing minimal media MO.2i, M2i, and M20i were prepared by supplementing M-i medium with myo-inositol at concentrations of 0.2, 2, and 20 ,ug/ml, respectively. Sodium-free medium M-Na+ was prepared by omitting sodium chloride from medium M-i. Agar plates contained 2.5% agar in addition to the components of the medium indicated. Yeast cells were precultured in medium WaD and then cultured under the specified conditions. Cells were grown aerobically at 30°C with shaking. Cell growth was followed by measuring the absorbance at 550 nm in an 18-mmdiameter test tube with a Hitachi 101 spectrophotometer equipped with a test tube holder.
Yeast strans. Wild-type strains of S. cerevisiae, X2180-1A and X2180-1B, were provided by the Yeast Genetic Stock Center (University of California). Conditional choline auxotroph 172 was derived from X2180-1B as described previously (22 (22) . The diminished growth was completely restored by the addition of choline which is transformed to phosphatidylcholine via the CDP-choline pathway. Thus strain 172 was auxotrophic for choline in the presence of a high concentration of myoinositol.
myo-Inositol transport assay. Cells were grown in the indicated medium to an absorbance of 0.3 to 0.6 at 550 nm. Cells were harvested by centrifugation at 3,800 x g for 5 min, washed twice with cold saline, and suspended in medium M-i. Unless otherwise indicated, 0.95 ml of the suspension containing 50 to 100 ,ug of cell protein was preincubated at 30°C for 2 min, and the transport was started by the addition of 400 nmol of myo-[2-3H]inositol (750 cpm/nmol). The total volume of the assay mixture was 1.0 ml. After 2 and 4 min of incubation (two incubation times for each sample) at 30°C with shaking, the transport was terminated by the addition of S ml of cold saline, followed by immediate ifitration through Whatman GF/C glass microfiber paper (13) . The filter paper was washed three times with S ml of cold saline, dried in a scintillation counting vial, and incubated at 40°C for 5 min with 0.5 ml of Scintilamine-OH (Dojin Chemicals). Radioactivity was counted with a Beckman LS7000 liquid scintillation spectrometer in 5 ml of a scintillator solution which contained 5 g of 2,5-diphenyloxazole and 0. Assay of myo-inositol transport in colonies by the replica-printIng method. Colonies grown on an agar plate were replica-printed onto a disk of Whatman GF/ C glass microfiber filter paper (7 cm in diameter) by pressing the paper onto the agar surface. The filter paper was placed in 0.5 to 1.0 ml of medium M-i containing 0.4 mM myo-[U-14C]inositol (0.1 FCi) with the colonies facing upward. After incubation at 30°C for 10 min, the paper was washed with cold saline on a glass filter under gentle suction, dried, and then exposed to Kodak X-Omat XR-5 film. After autoradiography, the colonies on the replica print were located by staining with 10 mg of amido black 10B per ml dissolved in methanol-acetic acid-water (45:10:45), followed by rinsing with methanol-acetic acid-water (90:2:8). Throughout these manipulations, the master plate was stored at 4°C.
IsolatIon of myo-inositol transport mutant 438B1.
Strain 172 grown overnight in medium WaD was harvested by centrifugation, washed with water, and suspended in water to a concentration of 107 cells/ml. Cells were exposed to UV radiation (130 J/m2) in an open petri dish with constant mixing. The source of UV radiation was a Matsuda portable germicidal lamp, and the incident dose rate was determined with a Black-Ray dosimeter (Ultra-violet Products). The survival rate was 0.01%. The mutagenized cells were cultured in medium M20i for 3 days. The cells were harvested by centrifugation, washed with water, and grown on WaD agar plates for 2 days. Colonies were replica plated onto MO.2i plates and cultured for 2 days. myo-Inositol transport activities in colonies were assayed on Whatman GF/C paper as described above. Colonies which were identified as having low levels of activity were purified by single-colony isolation, and the transport activity was reexamined. One mutant thus obtained was backcrossed to wild-type strain X2180-1A, and mutant strain 438B1 was isolated from the resulting diploid by tetrad dissection.
Cell protein determination. Cells were digested with 0.1 ml of 2 N NaOH at 100°C for 10 min, and protein was determined by the method of Lowry et al. (16) with bovine serum albumin as the standard.
Reaents. 
RESULTS
Kinetics and competition studies of myo-inositol transport. myo-Inositol transport of the yeast S. cerevisiae was studied with exponentially growing wild-type strain X2180-1B. An increasing amount of myo-inositol was taken up into cells with time at 30°C. Uptake was linear with time at least for 8 min. At 0(C myo-inositol was transported at a rate as low as 2% of that at 37°C. myo-Inositol transport was concentration dependent and obeyed saturation kinetics (Fig. 1) Figure 2A shows a replica print stained with amido black 10B. myo-Inositol, transport activity of each colony was detected by autoradiography as shown in Fig. 2B . Mutant colonies were identified by inspecting an autoradiogram superimposed on its amido blackstained replica print. One mutant thus obtained was crossed to wild-type strain X2180-1A to eliminate secondary mutations accumulated, and derivative mutant 438B1 was isolated. The activity of myo-inositol transport in this mutant was as low as 4% of that in the wild-type strain, whereas the activities of L-serine and D-glucose transport were normal (Table 2) . These results, together with those of kinetic experiments, indicate that myo-inositol transport in S. cerevisiae is mediated by a specific carrier system.
The replica-printing method also facilitated genetic analysis of myo-inositol transport. Strain 438B1 was crossed to wild-type strain X2180-1A. The resulting diploids were sporulated, and the asci were dissected by micromanipulation. myo-Inositol transport activities of spore colonies were detected by the replica-printing method which permitted the rapid assay of a number of colonies. Figures 2C and D show the segregation of myo-inositol transport mutation in several tetrads. The mutation showed a 2+:2-segregation for 76 asci, and only one ascus displayed a 3+:1-pattern. Thus the defect in myo-inositol uptake was due to a single nuclear gene mutation.
Repression and derepression of myo-lnositol transport. We noticed that myo-inositol transport activity varied greatly as a function of the myo-inositol concentration in the culture medium. Cells grown in the presence of a high concentration of myo-inositol (20 p.g/ml) showed greatly reduced myo-inositol transport activity (Table 3) , although the growth rate of these cells was not significantly altered. These results suggest that the myo-inositol transport system of S. cerevisiae is repressed by myo-inositol. Therefore, in the experiment shown in Fig. 3 , cells grown in the presence of a low concentration of myo-inositol were cultured in a medium containing 20 jig of myo-inositol per ml, and the change in myo-inositol transport activity was examined. Activity decreased with time and reached the lowest level after 2 h. In contrast, L-serine transport activity was not reduced during the course of this 2-h incubation.
myo-Inositol transport activity once decreased by myo-inositol was reversibly restored by removal of the myo-inositol from the culture medium. In the experiment represented in 4 , cells grown in a medium supplemented with 20 ,ug of myo-inositol per ml were cultured in medium M-i or medium M20i. In the myoinositol-free medium, the activity recovered to the unrepressed level after 4 h of incubation. In contrast, the activity did not reappear in the high myo-inositol medium throughout the incubation. The restoration of transport activity was completely abolished by the addition of 5 ,ug of cycloheximide per ml, and therefore presumably required de novo protein synthesis.
DISCUSSION
The present study has provided kinetic and genetic evidence for the existence of a carriermediated myo-inositol transport system in S. After incubation at 30°C for the times indicated, aliquots were removed, and myo-inositol transport activity was measured under the standard assay conditions as described in the text.
cerevisiae. myo-Inositol was shown to be actively transported into the cell; the process is energy dependent, and myo-inositol accumulates against a concentration gradient. Unlike animal tissues, the addition of Na+ did not affect the activity of myo-inositol transport in S. cerevisiae. Na+-independent myo-inositol uptake was reported for the bacteria K. aerogenes (6) and P. putida (18) . myo-Inositol transport systems of S. cerevisiae and these bacteria are under different types of regulation. The bacteria possess a pathway to degrade myo-inositol, and utilize it as a carbon source. Their myo-inositol transport systems are inducible (6, 18) . In contrast, S. cerevisiae synthesizes myo-inositol (5), but can not degrade it. The transport as well as the biosynthetic system (5) in S. cerevisiae is repressible. By this control mechanism, excess accumulation of myo-inositol in the cell can be avoided.
Transport mutants have been isolated by using growth-inhibitory substrate analogs which share the same transport system with the substrates (8) (9) (10) 19 150, 1982 on October 19, 2017 by guest http://jb.asm.org/ Downloaded from transport in S. cerevisiae is highly specific to this cyclitol, and no toxic compound which is transported by the system has been found. Therefore, we screened for myo-inositol transport mutants by assaying the activities in colonies. The replica-printing technique was employed by Raetz (17) for efficient screening for Escherichia coli phospholipid synthesis mutants. Cramer and Davis (4) recently applied this technique for the isolation of amino acid pool mutants of yeasts and Neurospora. We developed the procedure to screen for myo-inositol transport mutants. Glass microfiber paper was used instead of cellulose filter paper. Yeast cells were well retained on glass microfiber paper, and the unincorporated substrate was very easily removed by washing. The method is simple and rapid and should be applicable for the isolation of any transport mutant of S. cerevisiae.
The myo-inositQl transport activity of the mutant isolated in the present study was 
